The impact of Comet Shoemaker-Levy 9 on Jupiter in July, 1994 was the largest, most energetic impact event on a planet ever witnessed. Because it broke up during a close encounter with Jupiter in 1992. it was bright enough to be discovered more than a year prior to impact, allowing the scientific community an unprecedented opportunity to assess the effects such an event would ha\7e. Many excellent observations were made from Earth-based telescopes, the Hubble Space Telescope (HST) and the Galileo spacecraft en route to Jupiter. In this paper, these observations are used in conjunction with computational simulations performed with the CTH shock-physics hydrocode to determine the sizes of the fifteen fragments that made discernible impact features on the planet. To do this, CTH was equipped with a radiative ablation model and a post-processing radiative ray-trace capability that enabled light-flux predictions (often called the impact flash) for the viewing geometries of Galileo and ground-based observers. The five events recorded by Galile0 were calibrated to give fragment size estimates. Compared against ground-based and HST observations, these estimates were extended using a least-squares analysis to assess the impacts of the remaining ten fragments. Some of the largest impacts (L, G and K) were greater that 1 km in diameter but the density of the fragments was low, about 0.25 g/cm3. The volume of the combined fifteen fragments would make a sphere 1.8 km in diameter. Assuming a pre-breakup density of 0.5 g/cm3, the parent body of Shoemaker-Levy 9 had a probable diameter of 1.4 km. The total kinetic energy of all the impacts was equivalent to the explosive yield of 300 Gigatons of TNT- In early July, 1992, periodic comet Shoemaker-Levy 9 broke up during a close encounter with Jupiter. For a brief two year period, about 20 large fragments and associated debris followed one last orbit about Jupiter before striking the planet at an estimated velocity of 60 kids. The largest fragments entered the Jovian atmosphere during the week of July [16][17][18][19][20][21][22] 1994. Although the impact sites were located just beyond the limb of Jupiter and were not directly visible from Earth, the Galileo spacecraft was positioned for direct viewing of the impact sites. While impact phenomena were not spatially resolved by the spacecraft, its timing, spectral and luminosity data are invaluable for comparison with analytical and numerical models. Fireballs and plumes generated by the impacts were visible in line-of-sight from Earth within a minute ( Fig. 1 ) and the impact locations themselves rotated into view within 7-20 minutes (Hammel et al., 1995) . The wealth of data provided by this fortuitous event gives us an opportunity to assess models of meteoroid entry into planetary atmospheres and, in the context of this paper, to estimate the size of the ShoemakerLevy 9 parent body based on observations of the radiated light flux observed by the Galiledspacecraft and by Earth-based telescopes. The eventual goal of our modeling effort is to provide a mechanism to assess the specific hazard associated with a large atmospheric entry event on Earth (Boslough and Crawford, this volume).
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Entry into the Atmomhere
Understanding the mechanisms of kinetic energy loss during meteoroid traversal of planetary atmospheres is crucial for understanding the development of fireballs and plumes that were observed during the impact of Comet Shoemaker-Levy 9 on Jupiter (Crawford, 1996) and entry events in Earth's atmosphere (Boslough and Crawford, this volume) . Analytical models of the decelerarion, ablation, deformation and breakup of meteoroids during passage through planetary 2 atmospheres have been proposed and refined by many researchers (Ivanov Sr l'u, 1988; Zahnle, 1992; Hills & Goda, 1993; Ceplecha el ul., 1993; Sekanina, 1993) . Here, a modified ablation model is proposed to describe comet entry at high altitudes. The model properly satisfies conservation of energy during the ablative process and can be reconciled with observations of terrestrial meteors. At Iower altitudes, the dynamic pressure experienced by the fragment exceeds the coinpressive yield strength and the fragment deforms hydrodynamically according to the well known 'pancake model' of Zahnle ( 1 992). The current comprehensive model, calibrated against numerical simulations, describes meteoroid entry over a wide range of velocities and spatia1 scaIes.
A comet fragment entering Jupiter's atmosphere at hypervelocity produces a parabolic bow shock (Fig. 2) . Some of the irreversible heating at the shock is radiatively coupled to the fragment surface causing vaporization of the cometary materials. Because the energy required to remove a unit mass from the surface of the body (by stripping and deceleration) is much greater than the heat of vaporization, a vapor layer forms and thickens. The coupled differential equations that describe the evolution of the vapor layer and the deceleration and hydrodynamic deformation of the fragment are written as: Zahnle, 1992) .
Because the radiant energy that drives vaporization at the surface of the meteoroid must propagate through the vapor layer from the bow shock, growth of the vapor layer will slow as the vapor thickens. This leads to a scaling law for the heat transfer coefficient (C,) which, as we will see, is inversely proportional to fragment size. Growth of the vapor layer is slowed by mass loss &om small-wavelength Kelvin-Helmhohz instabilities that develop dong the interface with the atmosphere (Roulston and Ahrens, 1996) . The vapor reaches an equilibrium thickness (x,J found by equating the two right-hand terms of Equation (3):
For small meteoroids, xnl may be several times the radius of the entering body.
Equations ( Simulations performed prior to the impact of Comet Shoemaker-Levy 9 using the CTH shock-physics code compare well qualitatively with many of the observations (Crawford, et al., 1994 (Crawford, et al., , 1995 . Nevertheless, good quantitative models of the event are required in order to extract useful information from observations of d e events. Fortunately, models are strongly constrained by the excellent data colkcted, especially: (1) the direct light-flux observations made by the Galile0 spacecraft (Chapman, 1996) ; (2) the seemingly contradictory observations that plumes observed by the Hubble Space Telescope (HST) all had approximately the same maximum altitude yet the pattern of dark ejecta they left in the Jovian stratosphere varied considerably in albedo and lateral extent , Hammel, 1996 ; and (3) the Earth-based telescope observations of the infrared impact light flashes (Nicholson, 1996) . By using the semi-analytical meteoroid entry model as initial conditions for plume evolution models we can investigate the Shoemaker-Levy 9 events in the context of matching light-flux and plume-height observations.
The technique we use to drive CTH simulations with the results of the semi-analytical entry model is illustrated in Figure 6 . With the simulations driven in this way, we can efficiently run cornputational fireball simulations to investigate differences due to the size of the impactor with- Figure 7 . In all cases, the debris front is traveling upwards (along the 45" trajectory) too quickly to make a plume only 3300 km high, the maximum altitude observed by HST. The plots in Figure 8 show that material originating from the Jovian cloud layers (also shown in Figure   8 ) is climbing at nearly the correct velocity to produce 3300 km plumes and their altitude seems to be relatively independent of impactor size. However, opaque m a t e r i a l s from the cloud tops (NH3, for example) is less than 1%, by mass, of the atmospheric gases within the clouds. By contrast, opaque cometary material makes up about 30% of the mass within the debris front, hence cloud materials are unlikely to compete with cometary debris as a significant source of opacity for the plumes. The maximum altitude of a specific isodensity contour within the cometary debris ejected as part of the plume is an invariant function of fragment size and mass. Hence, it is probable that the tops of the HST plumes, depending on the opacity of condensed cometary materials, are represented by a specific isodensity contour.
To get a better idea of the morphology of the plumes seen by HST, we can estimate the opticai properties of cometary material and Jovian atmospheric materials and plot the optical mean-6 frce-path at wavelengths typical of the HST imagery- Figure 9 shows the inverse mean-free-palh (1996) , modified to include opacity of 1 pm condensate particles (using simple geometric cross-section)
at temperatures below 3200 K. While condensation of cometary debris is important for matching the temperature data of the late-time plumes (Carlson, et al., 1996) , it has only marginal effect on entry light curves, as will be shown later. The opacity model for Jovian air is from Chevalier and Sarazin (1994) . Figure 9 demonstrates that the optical properties of the Shoemaker-Levy 9 impact plumes coupled with a dynamic impact process that produces invariant isodensity contours, generate constant Illitximum plume height even though cometary debris can be found on trajectories well above the apparent plume top.
The model plumes have a characteristic mushroom shape. If ballistically extrapolated forward in time until re-impact with the planet, these plumes are crescent-shaped and have a radial extent (dependent on impactor size and composition) that agree with the observed ejecta patterns.
With confidence that our model can describe the morphology of the Shoemaker-Levy 9 plumeforming impacts, we can provide quantitative estimates of fragment sizes by comparing simulated radiative output with observations from the GaIileo spacecraft and Earth-based telescopes.
Radiative Output: Comparison with Observations Figure 10 shows the scheme used to estimate light flux from a typical plume-forming simula- Near infhred light emitted from fireballs formed from relatively high density impactors is enhanced at late times (Fig. 11) . Since the Galileo light curves did not exhibit significant enhancement at late times, this suggests that the fragments had low average density (0.25 g/cm3) at time of impact.
The light flux shown in Figure 1 1 exhibits dln scaling, where d is fiagment diameter. This occurs because light is emitted from a column that has length solely dependent on the scde height (H) of the atmosphere and a radius proportional to the cometary debris radius (rd = r+xm). From
Equation (5):
where C,, = Cdi-(Co is independent of radius) and the area visibie to Galileo (c-= rdH) is propor-
Many researchers have concluded fhat dust, mostly material from the impactors, was widely disseminated by the Shoemaker-Levy 9 impact sites (West, 1996) and may be important during the evolution of the fireballs (Carlson et ai., 1996) . Figure (12) shows light curve simulations assuming a simple model that neglects radiative energy loss and assumes that a single temperature adequately describes the materials that are emitting light. After the initial meteor entry rise and a brief plateau, the light flux begins to rise until it reaches unrealistic levels. In comparison, a more realistic model is produced assuming a two temperature model where cometary vapor below 3200 K is allowed to condense. Because the condensates are probably very opaque, consisting of various metallic oxides, metals and silicates, they are efficient emitters of radiation and cool rapidly.
The loss of energy (now approximately accounted for) prevents the dramatic late-time rise (Fig.   12 ). The differences between the two models yields a small uncertainty (10-20%) of the fragment size estimates. Other sources of uncertainty include noise in the data and the enhanced signal due to light reflected off Jupiter's clouds (to add an additional uncertainty of 10-2096) Nicholson, 1996) . For fragments that produced the smallest impact features on the planet, we assumed a constant diameter within the site classification derived from HST imagery (Hammel, 1996 (1996) have estimated the size of the G impactor as 200-400 meters based on a detailed semi-analytical investigation using multi-wavelength time-dependent observations made by Galileo of this event. In their analysis, they assume that the debris front emitted radiant energy as a blackbody and was optically thick along its entire length. This is a good constraint for a lower bound of the size estimate for that reason. More realistic, density-and temperature-dependent opacity models (performed by Nemtchinov et al., 1997 and this study) seem to produce less light for a given impactor diameter, requiring larger impactors.
For Fragment G to be only 200-400 meters would require smaller fragments like H and K to explode5 above Jupiter's cloud tops according to most hydrodynamic deformation models. NoImally, the rapid rise of the entry flash is truncated by arrival a1 the cloud tops (which occludes radiation from deeper) and the distinctive plateau of the light curve is produced. Explosions above the clouds would produce distinctly different light curves for these events (there would be no truncation or plateau), yet the fragmenr H and K light curves exhibited similar behavior as the larger events (Fig. 11) .
Conclusion
The fragments of Shoemaker-Levy 9 that hit Jupiter with discernible effect have a total volume that would make a 1.839.5 km diameter sphere at an average density of 0.25 g/cm3. This is consistent with the total volume of dusty debris seen on the planet after the impacts, corresponding approximately to a 1-km diameter sphere (West, 1996) , assuming a typical debris particle density of (1-2 g/cm3). With a pre-breakup density of 0.5 g/cm3 (Scotti and Melosh, 1993; Asphaug and Benz, 1994), the parent body had a diameter of 1.4M.4 km. With these parameters, the Shoemaker-Levy 9 family pummeled Jupiter with the energy equivalent of 300 Gigatons of TNT. *Fragments F, P2, T, U and V produced no discernible impact features. Fragments 3, M and P1 faded from view before impact (Hammel, 1996) . The ietters I. and 0 were not used.
tfrom Hammel(l996) . Based on first view of the impact site with the Hubble Space Telescope.
Class 1 = large dark feature (>lO,OOO km radius), Class 2 = medium dark featwe (4000-8000 km radius), Class 3 = smaU dark featme (4OOO km radius).
*Observed light flux of the main infrared event seen from Eaah at 2.3 and 12 pm (Lagage, et al., 1995; Takeuchi, et aL, 1995; McGregor, et aL, 1996; Nicholson, 1996) . 'Diameter is estimated from a least squares analysis incorporating Galileo light-flux observations (marked with symbol and calibrated against CTf-I light-output calculations) and assuming 3 dependence of the peak flux (for a given wavelength) observed from Earth-based telescopes (Nicholson, 1996) . Values in parentheses are estimates assuming diameter equivalence within HST class 3. Uncertainty (1 0) of individual fragment diameter is 15% for fragments A, E, H, L, Q1 and R and 30% for fragments B, C, D, G, K, N, Q2, S and W. Best fitting fragment density is about 0.25 g/cm3. ¶Assuming a density of 0.5 g/cm3 before breakup in 1992. The total volume of the fragments would make a sphere 1760 m in diameter (at 0.25 gem3). Uncertainty of these estimates is dominated by uncertainties of the largest fragments (L, K and G), about 25%. The Planck equation with appropriate density-and temperature-dependent opacity tables is integrated radially inwards until the optical limit is reached (at r~) .
Radiative output from below the cloud layers is excluded. Comparison of CTH-simulated light curves using molecular opacity tables for cometary \Tapor from Nemtchinov, et al. (1996) Both sets of curves demonstrate that light flux is proportional to rJ'*. The discrepancy between the two opacity models in the magnitude of the initial rise yields a 20% uncertainty in fragment size.
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